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A B S T R A C T
There is a recognized need for mineralizing aquaculture-derived sludge in aquaponics systems in order to reduce
waste production. Many recent studies of aquacultural waste treatment have focused only the production of
biogas as opposed to the potential for mineralization of nutrient-rich sludge. Upﬂow anaerobic sludge blanket
(UASB) reactors provide one possible solution for breaking down sludge into bioavailable nutrients that can
subsequently be delivered to plants. As such, this study examines the mineralization performance of sequential
UASB reactors that are designed with an expanded granular sludge bed (EGSB) and compared to standard
aerobic and anaerobic batch reactors. Results of our experiments demonstrate that only chemical oxygen de-
mand reduction is signiﬁcantly diﬀerent. An unexpected drop in pH of one of the three reactor systems revealed
that a pH below 6 was able to signiﬁcantly increase the mineralization and mobilization of nutrients.
Approximately 25% of phosphorus, potassium, and calcium could also be recovered from the sludge under lower
pH conditions, as compared to the mineralization performance of standard UASB reactors running at a higher
pH. However, the opposite eﬀect was observed with respect to organic sludge reduction, where diminished
performance was observed in the low-pH reactor. The current study implies that anaerobic reactors operating at
low pH can potentially contribute towards improved nutrient recovery in multi-loop aquaponics systems and
reduction of additive agents for pH control of the hydroponic subsystem.
1. Introduction
With an average growth of 5.8%, aquaculture is the fastest growing
agricultural sector (FAO, 2016). While most aquaculture is still con-
ducted in ponds or open-net pens, with limited nutrient recovery, there
is increased pressure to focus on water saving practices such as
recirculating aquaculture systems (RAS) or nutrient recycling practices
such as aquaponics which combine RAS systems with plant production
to reuse ﬁsh wastes as fertilizers. RAS are composed of ﬁsh rearing
tanks from which water is recirculated via treatment units (e.g. bio-
ﬁlters) and reused (Timmons and Ebeling, 2013).
In RAS systems, semi-solid, nutrient-rich sludge composed of
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uneaten feed and faeces is produced by ﬁsh and must be removed from
the system. One potential solution for dealing with sludge is through
improved digestion of their organic matter in order to solubilize nu-
trients for use in aquaponic systems. In this context, anaerobic and
aerobic sludge digesters can utilize micro-organisms to break down the
sludge into bioavailable nutrients that can subsequently be used for
plant nutrition (Delaide et al., 2018; Monsees et al., 2017). In de-
coupled aquaponic systems (DAPS), as proposed by Goddek et al.
(2016), Goddek and Keesman (2018), bioreactors for sludge treatment
can be designed to both reduce waste production and optimise nutrient
re-utilisation (Goddek et al., 2016). For instance, more than 50% of the
phosphorus from ﬁsh feed inputs ends up as uneaten feed and faeces.
However, phosphorus, as well as minerals such as calcium, magnesium
and other micronutrients (i.e. Fe, Zn, Cu, Mn, and Mo) in uneaten feed
or faeces are mostly released as insoluble components (Goddek et al.,
2016; Neto and Ostrensky, 2013). These should be mineralized (i.e.
solubilized) by microorganisms that degrade organic matter and release
ions at the appropriate pH for assimilation by plants prior to the de-
livery of wastewater to hydroponic systems (Delaide et al., 2017;
Seawright et al., 1998). The challenge therefore with respect to digester
design and operation is to maximize eﬃcient mineralization and re-
covery of the nutrients trapped in sludge.
The use of upﬂow anaerobic sludge blanket reactors (UASB) in
domestic wastewater treatment (Lier et al., 2008; Seghezzo et al., 1998)
and in aquaculture sludge treatment (Mirzoyan and Gross, 2013) results
in a reduction of up to 90% of total suspended solids (TSS). Moreover,
expanded granular sludge bed (EGSB) reactors have the potential to
further treat UASB eﬄuents (Ratanatamskul and Siritiewsri, 2014). One
of the primary advantages of a combined UASB-EGSB system is com-
plete TSS removal. While a single UASB reactor preferentially removes
TSS, the EGSB can remove any remaining organic matter such as vo-
latile fatty acids (VFAs) (Kato et al., 2003, 1994; Ratanatamskul and
Siritiewsri, 2014). The UASB and EGSB are the most commonly used
anaerobic reactors for sludge digestion not only due to their high TSS
and chemical oxygen demand (COD) reduction rates, but also because
of their low operating costs and ability to extract methane for energy
recovery (i.e. heat or electricity generation) (Chernicharo et al., 2015;
Mirzoyan et al., 2010; Seghezzo et al., 1998).
The mineralization eﬃciency of RAS-based sludge depends on the
type of ﬁsh species cultivated, nutrient composition of the chosen ﬁsh
feed, and its digestibility within the ﬁsh gut. For instance, faeces from
ﬁsh fed plant-based diets contain more soluble and insoluble non-starch
polysaccharides (NSPs) compared to faeces from ﬁsh fed ﬁshmeal-based
diets. NSPs remain largely undigested and directly aﬀect the composi-
tion of the sludge (Meriac et al., 2014b). The amount of NSPs in sludge
will impact sludge degradation as well as the potential for biogas pro-
duction (Angelidaki et al., 2009).
To-date, very few studies have reported on the potential of aerobic
and anaerobic digestion of ﬁsh sludge as a means to recover nutrients in
aquaponics systems (Delaide et al., 2018; Monsees et al., 2017). In most
studies on aquaculture sludge digestion in UASBs, the main focus has
been on reducing COD and producing methane (CH4) from solids
(Mirzoyan et al., 2010; Mirzoyan and Gross, 2013; Van Rijn, 2013;
Zhang et al., 2013) rather than the potential for recovery of macro and
microelements and reduction in wastes. In theory, the very high rates of
sludge decomposition that are possible in UASB-EGSB reactors should
correspond with a high release of nutrients in the eﬄuent that could be
used to fertilize aquaponic crops. In this study, we aimed to evaluate
the sludge reduction and nutrient recovery performance of sequential
mineralization reactors under both aerobic and anaerobic conditions as
possible design innovations within aquaponic systems. The suitability
of reactor eﬄuents for aquaponic crop fertilization was also assessed.
Fig. 1. Schematic drawing of experimental setup with an upﬂow anaerobic sludge bed (UASB) reactor (left) and an expanded granular sludge bed (EGSB) reactor
(right). The circles indicate the reactors’ sampling points for fresh sludge (S), biogas (B), UASB sludge/supernatant (U), EGSB sludge/supernatant (E).
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2. Materials and methods
2.1. Experimental setup
Three similar lab-scale UASB and EGSB reactors were set up in
series (Fig. 1). The Wageningen University & Research Centre (WUR;
Wageningen, The Netherlands) housed two sets of these reactors (UASB
I+EGSB I and UASB II+ EGSB II) while the Integrated and Urban
Plant Pathology Laboratory of the Université de Liège (ULiège, Bel-
gium) operated the third reactor. The UASB reactors (Aquaponik
Manufaktur GmbH, Issum, Germany) were of rectangular glass and had
an eﬀective volume of 25.5 L, with a EGSB of 11.5 L (Fig. 1). Due to the
considerably long hydraulic retention time (HRT) of both the UASB and
EGSB reactors, a recirculation pump (universal 300, EHEIM, Germany)
was required to maintain a sludge blanket in the UASB with an upﬂow
velocity of 1–3.3 m/h, and an expanded granular sludge bed in the
EGSB with an upﬂow velocity of 15–18m/h. The ﬂows were controlled
by two proportionally controlled ﬂow meters (k25, Singﬂo, Xiamen,
China). The temperature inside the reactors was set at 28 °C to mimic
the temperature of tilapia sludge in a RAS. The temperature was
maintained by a submerged heater (537, Schego, Oﬀenbach, Germany)
and heating controller (∼+/− 5.3 °C; TRD 112, Schego, Oﬀenbach,
Germany). The temperature was checked on a daily basis with a ther-
mometer (Hach HQ40d, Hach Lange, Loveland, CO, USA).
Commercially available plastic buckets, each with an operational
volume of 5 L, served as anaerobic (AN) and aerobic (AE) batch control
reactors at each facility (Fig. 2). Both buckets were temperature con-
trolled in a water bath heated at 28 °C with electric heaters. In the AN
reactor, the sludge was left to deposit on the bottom of the bucket,
while in the AE reactor the sludge was constantly aerated (relative
dissolved oxygen saturation level of> 50%) using aquarium air
blowers.
The reactors at ULiege were fed with RAS sludge from tilapia
(Oreochromis niloticus) that had been fed with plant-based feed. The
feed composition (Omegabaars Grower, AQUA4C, Kruishoutem,
Belgium) provided by the manufacturer consisted of 40% crude protein,
12% raw fat, and 3.7% crude ﬁbre. The reactors operated at WUR were
fed with sludge collected from a RAS rearing African catﬁsh (Clarias
gariepinus). The plant-based feed (C-3 Carpe F, Skretting, France) con-
tained 33% crude protein, 8% raw fat, 3.8% crude ﬁbre and 8% crude
ash. After a start-up phase of two weeks, the experiment ran for 21
consecutive days and was then repeated under the same conditions. The
complete study was executed from September until December 2016.
2.2. Start-up phase
Chernicharo and van Lier (Chernicharo et al., 2015) previously re-
ported that seed sludge could reduce the total start-up period to 2–3
weeks. The total volumes for UASB (i.e. 4.6 L) and EGSB (i.e. 2 L)
reactors were inoculated with 20% seed sludge (0.92 L and 0.4 L re-
spectively). For comparison, both batch reactors received the same in-
oculation as the two anaerobic reactors (i.e. 0.5 L each). The seed
sludge was sourced from a biogas plant (HydroBusiness B.V., Boxtel,
The Netherlands), and was composed of granular sludge and sawdust.
The occurrence of granules was veriﬁed by microscopy. All reactors
were ﬁlled with sludge water from their respective RAS. To promote the
establishment of anaerobic microbiota and the formation of granules,
the reactors were operated in extraordinary mode during the two-week
start-up phase: mesophilic conditions were maintained with a water
temperature at 30 °C. The upﬂow velocity was slightly increased in
UASB and EGSB reactors to speed up sludge blanket mixing. Reactors
were fed with fresh RAS sludge three times a week and the equivalent
volume of reactor supernatant water was removed.
2.3. Operation and sampling
An HRT of approximately 10 days was applied for the UASB as well
as the control reactors.
Consequently, three times a week, 5.4 L and 1.2 L of fresh RAS
sludge with targeted TS of 0.5–3% were manually added to the UASB
and control reactors respectively. To obtain the required volume and
TS, the collected fresh sludge was diluted with RAS water if necessary,
stirred, and added to the respective reactors. The equivalent super-
natant volume (equivalent to the outﬂow) was removed from the re-
actors. A total of 4.75 L of UASB supernatant (i.e. its eﬄuent) was used
to feed the EGSB resulting in an HRT of approximately 6 days. The
equivalent supernatant volume was removed from the EGSB.
Temperature, electrical conductivity (EC), dissolved oxygen (DO),
and pH in all reactors were measured in the centre/middle of the EGSB
and control reactors, and in the sludge blanket of the UASB reactor. The
same parameters were recorded in fresh sludge and supernatant each
time sludge was added to the reactors. The frequencies of measure-
ments, and the devices that were used are summarized in Table 1.
During the experimental periods both sludge and eﬄuents (i.e. su-
pernatant) were sampled from the reactors three times a week and
analysed for total solids (TS), COD, dissolved nutrients, undissolved
nutrients (i.e. nutrients trapped in sludge), VFAs, fat, and lig-
nocellulosic (lignin, cellulose and hemicellulose) content as described
below. Thus, in this study we chose to intensively measure diﬀerent
components within a relatively short period of time, i.e. 2 times 21
days, to obtain some detailed scan of the system’s performance rather
than monitoring the reactor systems over a longer period with less
components.
Before the start and at the end of the experimental repetitions both
UASB and EGSB were perfectly mixed and 20% of their content was
removed and sampled to determine their initial and ﬁnal compositions.
The aerobic and anaerobic control groups were treated similarly. The
respective volume was compensated with distilled water at the start of
each repetition to produce an initial volume equal to 80% of the
starting sample. Immediately after each feeding of fresh sludge to the
reactors, 500mL of samples were taken from the fresh mixed sludge,
200mL from the aerobic and anaerobic control supernatant, and
650mL from the UASB supernatant. The all EGSB supernatant was
sampled to obtain enough dry matter (DM) for analysis. Before
Fig. 2. Reference systems. Anaerobic and aerobic controls standing in a water
bath heated at 28 °C. The aerobic reactor was constantly aerated with an
aquarium air blower.
Table 1
Operation and Control Measurements.
Measurement Parameters WUR ULiege
pH, EC, temperature Hach HQ40da
DO meter Hach HQ40da HI 9146b
Measurement frequency supernatant outﬂow Thrice / week
Measurement frequency inside reactor Thrice / week
a Hach Lange, Loveland, CO, USA.
b HANNA instruments, Woonsocket, RI, USA.
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sampling the supernatant of UASB and EGSB, the pumps were switched
oﬀ for 15min to allow solids to settle. For the aerobic control, the air
pump was switched oﬀ for 15min. For each repetition and reactor,
supernatants were sampled and merged. The corresponding analysis of
the merged samples was used to derive the average composition of
supernatant samples.
2.4. Analytical methods
TS and COD were determined in triplicate following APHA protocols
(Public, A., Association, H., 1998). For determination of dissolved nu-
trients, samples were 0.2 μm ﬁltered and acidiﬁed to a pH 2 with hy-
drochloric acid (25%) and stored in a commercial freezer at−20 °C for
later analysis. Elemental content of samples in duplicate were de-
termined by inductively coupled plasma optical emission spectrometer
(5100 VDV ICP-OES, Agilent Technologies, Santa Clara, CA, USA) for
macroelements - phosphorus (P), potassium (K), calcium (Ca), magne-
sium (Mg), sulfur (S) - and microelements - iron (Fe), manganese (Mn),
zinc (Zn), copper (Cu), and boron (B). The total ammonia nitrogen
(TAN), nitrate (NO3-N) and nitrite (NO2-N) for the samples from the
ULiege reactors were determined by spectrophotometry using com-
mercial reagents: TAN and NO2-N (HI 93700-01 and HI 93707-01 from
HANNA instruments, Woonsocket, RI, USA respectively) and NO3-N
(Nanocolor standard test Ref 918 65, Macherey-Nagel, Düren, Ger-
many). All analyses were done in triplicate. TAN, NO2-N, and NO3-N for
the samples of the WUR reactors were determined using an auto-
analyzer (SAN Plus, Skalar, Breda, The Netherlands) and Skalar pro-
tocol number 155-006 for TAN, Skalar protocol number 467-033 for
NO2-N and Skalar protocol number 461-318 for NOx-N (Public, A.,
Association, H., 1998). NO3-N was calculated as NOx-N - NO2-N.
For determination of nutrient content in sludge (i.e. undissolved
elements), the samples were dried at 70 °C for 96 h, pulverized and
sampled for proximate composition, which was determined as dry
matter (DM; ISO 6496, 1983), crude ash (ISO 5984, 1978), crude pro-
tein (ISO 5983, 1997, crude protein=Kjeldahl-N × 6.25), and crude
fat (ISO 6492, 1999) using a bomb calorimeter (IKA model C7000; IKA-
Werke GmbH & Co. KG, Staufen, Germany). Cellulose, hemicellulose
and lignin were analysed using an ANKOM 2000 Fiber analyser
(ANKOM Technology, New York, USA). Crude ash samples were sub-
sequently acid mineralized with 0.8 M H2SO4 prior to analysis.
Subsequently, sample elemental content (P, K, Ca, Mg, Fe, Zn, Cu, Mn,
and B) was analysed (in duplicate) as described above using 5100 VDV
ICP-OES. The determination of VFAs, i.e., acetic acid, propionic acid,
iso-butyric acid, butyric acid, iso-valeric acid and valeric acid was
achieved by gas chromatography separation (Thermo, Trace GC Ultra
with a GS column (Grace EC-1000 length 30m, ID 0.53mm, 0.2 μm)
and detected by ﬂame ionization detector (Thermo, Interscience,
Australia), following the method described in Ottenstein and Bartley
(1971).
2.5. Mass balances equations
Nutrient mineralization is assumed to be dependent on the reactors’
performance for reduction of total solids (TS), chemical oxygen demand
(COD), volatile fatty acids (VFA), and lignocellulosic compounds (i.e.
hemicellulose, cellulose and lignin). These compounds have a marker
function for reactor performance. In order to determine the organic
reduction performance (i.e. TS, COD, fat, hemicellulose and cellulose),
overall reactor mass balances were formulated from start to ﬁnish of the
experiment and calculated by using the equations described in Delaide
et al. (2018). Derived from the mass balance equation in that article, a
nutrient’s mineralization performance (or the nutrient recovery eﬃ-
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where NR is the nutrient recovery at the end of the experiment (%),
DNout is the total mass of dissolved nutrient in the outﬂow (g), DNin the
total mass of dissolved nutrient in the inﬂow (g), andTNin the total mass
of dissolved plus undissolved nutrients in the inﬂow (g).
2.6. Experimental design and data analysis
The experiment was carried out as a split-plot design, over two time
periods for replication. Within each replicate, there were two types of
sludge (due to diﬀerent ﬁsh species with diﬀerent feed inputs) as main
plots and three types of reactor as subplots (i.e. the main test-scenario).
With respect to testing for ﬁxed eﬀects in a split-plot, sludge is tested
against the factor location.sludge and reactor and sludge.reactor against
replication.location.subplot or error term. A duplicate of the UASB_EGSB
reactor was present at WUR, however one became acidic and was thus
excluded from the analysis (and is dealt with separately, see below).
The data were analysed with R-statistical package per parameter for
organic reduction and mineralization performances, with the following
mixed model equation:
= + + + + +
+ = = = …
y μ rep sludge rep loc reactor sludge reactor
ε
_ _ ._ ( . )
_
ijk i j ij k jk
ijk i j k( 1,2 , 1,2, 1 4) (2)
where y is either one of observed variables, the repi term represents the
variation between the periods (which can also be considered a ﬁxed-
term), sludge is the ﬁxed-term for the diﬀerent sludge inputs of the
systems in Belgium and the Netherlands, rep.loc-term is the variation
between replicates due to location. The ﬁxed-term reactork describes the
diﬀerences between the two types of reactors and ﬁnally ε_ indicates the
residuals of the model (replication.location.subplot).
Sludge-type and country are confounded, so cannot be disentangled.
On the other hand, all three reactor types (Anaerobic and aerobic
controls and UASB-EGSB) were present in both countries.
3. Results
3.1. Sludge input characteristics complete
Sludge characteristics of ULiege and WUR are presented in Table 2.
Average mineral elements in both liquids and solids are displayed.
ULiege solid sludge contained very low K. While the EC was higher in
WUR, the ULiege liquid sludge contained concentrations of P, K, Ca and
Mg more than twice as high as in WUR. Microelements were mainly
contained in the solids for both sludge provenances.
With duplicate experiments and within replicates of the three main
reactor types, these terms cannot be estimated with any precision as
random terms. In short, sludge type was not tested over the residual
mean square error, but rather, the random term loc.rep. Not all variables
behaved in ways that meet the requirements of a normal distribution in
the residuals and equal variance, and transformation of the observed
variables did not improve it. As already mentioned, the number of ex-
perimental units are low and the denominator degrees of freedom for
testing the eﬀects accordingly also low (resp. df 1 and df 4). Catﬁsh
sludge (WUR) had a higher hemicellulose and cellulose content com-
pared to tilapia sludge (ULiege), 5.3 and 1.7 times higher respectively.
ULiege sludge contained roughly twice as much lignin and four times
more fat.
3.2. pH
Measured pH during the two experimental repetitions is presented
in Fig. 3A–C. Repetition 2 is based on the sludge that remained in the
reactors from repetition 1. Aerobic reactors in WUR and ULiege had the
highest pH that oscillated between 7.5 and 8.5. UASB and anaerobic
reactors both had a pH that oscillated between 6.5 and 7. The WUR
UASB II reactor had the lowest pH observed, beginning at 6.5 and
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declining slowly during the ﬁrst experiment. At the beginning of the
second experiment, adjustments were attempted using sodium bi-
carbonate to counter the decline in pH, but the WUR UASB II reactor
was run on low pH as it kept on dropping and resisted adjustment (see
Fig. 3). Thus, during the second experiment, the pH varied between 5.5
and 6.
3.3. VFA
Fig. 4A–D presents the concentration of total VFA measured at WUR
(A, C and D) and ULiege (B) reactors. From this ﬁgure, it is apparent
that only the UASB reactors had an increase in VFA during the
experiment. In particular, the acidic UASB reactor (WUR UASB II) in-
creased from 0.6 to 36mmol/L. Among the measured VFAs in the UASB
reactors, the most concentrated were acetic and propionic acids. The
other reactors maintained a low level of VFAs during the experiment
and ended with a concentration lower than 2mmol/L.
3.4. Organic sludge reduction and mineralization performance
TS, COD, hemicellulose, and cellulose reduction performances of
reactors and mineralization performances of macroelements are illu-
strated in Fig. 5. Data obtained from the diﬀerent UASB reactors at
WUR and ULiege with pH 6.5–7 (i.e. USAB I and UASB III), and the data
Table 2
Fresh sludge description used in reactors at Wageningen University (WUR) and Université of Liège (ULiege) during experiment repetitions. (Value ± SD).
Catﬁsh Sludgea Tilapia Sludgeb
Unit Liquid part Solid part Liquid part Solid part
pH 6.86 ± 0.19 6.48 ± 0.13
EC μS/cm 2626.94 ± 858.67 1607.00 ± 154.86
DO mg/L 0.56 ± 0.32 0.57 ± 0.77
TS g/L 10.77 ± 0.00 8.6 ± 0.42
COD 14.21 ± 0.83 9.89 ± 2.86
Fat mg/gDM 19.1 ± 0.9 81.0 ± 0.6
Hemicellulose 292.1 ± 23.9 54.6 ± 4.9
Cellulose 205.2 ± 12.0 123.1 ± 10.7
Lignin 39.4 ± 0.0 80.2 ± 2.1
TKNc ppm 53.80 ± 23.72 177.07 ± 45.38 33.06 ± 28.84 362.63 ± 28.28
P 17.13 ± 5.66 149.78 ± 24.71 43.85 ± 3.89 133.19 ± 16.32
K 16.58 ± 4.47 27.01 ± 1.31 36.65 ± 6.29 8.26 ± 2.67
Ca 26.62 ± 6.36 273.96 ± 67.14 173.35 ± 2.05 239.09 ± 46.70
Mg 7.41 ± 3.72 20.33 ± 4.06 39.35 ± 5.30 21.97 ± 6.16
S 7.42 ± 2.91 – 243.30 ± 293.03 –
Fe 0.03 ± 0.00 9.9 ± 1.43 0.10 ± 0.05 18.69 ± 1.60
B 0.03 ± 0.02 0.85 ± 0.21 0.064 ± 0.01 0.53 ± 0.08
Cu 0.01 ± 0.00 0.43 ± 0.02 0.01 ± 0.00 0.69 ± 0.04
Zn 0.10 ± 0.03 7.10 ± 0.05 0.02 ± 0.00 4.91 ± 0.65
Mn 0.09 ± 0.00 2.32 ± 0.28 0.28 ± 0.02 1.37 ± 0.27
a Fresh catﬁsh sludge from the Aquaculture and Fisheries Group at Wageningen University & Research (WUR).
b Fresh tilapia sludge from the Integrated Urban and Plant Pathology Laboratory of the Université de Liège (ULiege).
c Total Kjeldahl nitrogen.
Fig. 3. pH inside aerobic (AE), anaerobic (AN) and UASB (U) reactors in WUR and ULiege in two repetitions: 1. from day 1 to 21 and 2. from day 21 to 42 of the
experiments.
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from anaerobic (AN) and aerobic (AE) reactors were pooled. For the
acidic reactor UASB II, only the data of Repetition 2 was used. A full
performance analysis of the EGSB reactors could not be done due to
contradictory measurement results (i.e. high measurement errors,
probably due to a limited sample quantity). Consequently, only their
eﬄuents have been analysed. No statistical diﬀerence of TS reduction
was found between the UASB reactors conducted at pH 6.5–7 and the
control reactors. The UASB reactors had the highest performance with a
reduction close to 50%. There was a signiﬁcant diﬀerence between the
rather acidic WUR UASB II (pH 5.5–6.5) and the other UASB reactors
running on a higher pH (Fig. 5A–B). The acidic reactor had the lowest
performance, with a negative reduction. The UASBs running at a pH
between 6.5–7 (UASB I and III), as well as the AE reactors had the
highest COD oxidation performance. The acidic UASB II had a lower
performance with only 11% oxidation. COD was the only parameter
with signiﬁcant (P= 0.043) diﬀerences among the reactors (when
UASB II was excluded). Compared to the other UASB and control re-
actors, UASB II clearly had the lowest performance for hemicellulose
and cellulose reduction. Fat reduction was higher in the ULiege reactors
(62–97%) while the performance of WUR reactors was less (0 to 49%,
results not shown). Despite the big diﬀerence in fat reduction in sludge
from the UASB reactors, the results do not represent a signiﬁcant eﬀect.
3.5. Mineralization/Mobilization
Fig. 5 shows that the minimally acidic reactor UASB II performed
best at mineralizing and mobilizing P, K, Ca, and Mg. The mineraliza-
tion performance was between 26 and 71% while the (pooled) pH-
neutral reactors showed a much-reduced mineralization performance
between −1 and 14% for P, K, Ca and Mg. The opposite was the case
for N, which showed the highest mineralization rates (53%) in pH-
neutral UASB reactors but only −25% in the acidic UASB II. The
aerobic control reactors showed the lowest mineralization performance
in all instances and the least mineralised macroelements were K, Ca and
P, even accumulating K, Ca, and P in sludge. Interestingly, N also ac-
cumulated in the AE control reactors. The mineralization of microele-
ments was very low to zero (results not shown). No mineralization was
observed for Mn and Zn, instead, accumulation took place in all
reactors. Cu and Fe mineralised less than 1% in all reactors. The best
mineralization performance was 1.74% in the UASB reactors for boron.
3.6. Eﬄuents
The reactors’ eﬄuents were analysed and compared to hydroponic
standard solutions in order to evaluate the nutrients’ suitability for
plant growth. Fig. 6A displays TS and COD in UASB, EGSB, AN and AE
eﬄuents where the values for each reactor type were pooled together.
From the data in this ﬁgure, it is apparent that EGSB eﬄuents were
always lower in TS and COD concentrations. EGSB were able to remove
the TS and COD of UASB eﬄuents (i.e. EGSBs inﬂuents) by 25 and 50%
on average, respectively. The TS and COD in EGSB eﬄuents were 1.8
and 0.9, respectively, while in the control reactorseﬄuents, they were
comprised a range of 1–2 and 0.5–0.9 g/L, respectively.
Fig. 6B compares the macroelement concentrations in UASBs ef-
ﬂuents with those commonly used in lettuce hydroponic (HP) solution
(Resh, 2012). ULiege eﬄuents had the highest concentrations for most
of the macroelements except that no NO3-N was measured in any UASB
eﬄuents while TAN concentrations are 1.9–9.2 times higher in HP
systems. P concentrations in most UASB eﬄuents were close to the HP
one. Compared to HP values, K concentrations in all experimental ef-
ﬂuents were 4.9–15 times lower. Fig. 6C compares the concentration of
microelements in UASBs with the concentrations in lettuce hydroponic
(HP) solutions (Resh, 2012). All the microelements studied were far
below the recommended HP concentrations, although with the excep-
tion of Cu, all had concentrations higher than 0.01mg/L.
4. Discussion
In the present study, the performance of diﬀerent reactor types on
mineralization of two diﬀerent sludge types was analysed. The results
clearly demonstrate that the pH was rather constant in all reactors
except for UASB II where a drop in pH reﬂects a reduced rate of VFA
consumption in the methanogenic stage and consequently eﬄuent that
was slightly acidic. Such an imbalanced reaction has been previously
reported (Cobb and Hill, 1991; Wang et al., 1999). However, the un-
derlying cause remains unexplained, as the other reactors were
Fig. 4. Total VFA inside the UASBs (and the respective connected EGSB compared to WUR (A; excluding WUR UASB I) and ULiege (B) combined aerobic and
anaerobic control reactors. Concentrations of the diﬀerent VFA inside the WUR UASB I (C) and WUR UASB II (D).
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operated under similar conditions and maintained a stable pH.
Regarding reactors’ organic reduction performances, the aerobic
reactors achieved in average a TS and COD reduction of 47 and 78%,
respectively (Fig. 5A) which is close to our previous observations with
an aerobic reactor set up for similar conditions (Delaide et al., 2018).
The anaerobic reactors achieved in average a TS of 43%. Prior studies
reported similar solid reduction in a range of 20–50% (Gebauer and
Eikebrokk, 2006; van Rijn et al., 1995). The COD, cellulose, and
hemicellulose reduction value obtained in the UASB reactors with a
high pH was higher than those reported by Meriac et al. (2014a, 2014b)
who found 44% reduction in COD and around 50% for cellulose and
hemicellulose. However, our COD and TS reduction percentages (57
and 55% in the pooled high pH UASB reactors) were lower than the
results reported by Mirzoyan and Gross (2013) who achieved a COD
and TSS reduction up to 99 and 92%, respectively. A possible ex-
planation for this is that each repetition of our experiment ran for only
21 days and no sludge was discharged during this period, so our sludge
retention time (SRT) was brief while theirs was much longer (335 days)
(Mirzoyan and Gross, 2013). Recalcitrant compounds, such as aromatic
hydrocarbon compounds, asphaltenes, and resins take a long time to be
degraded (Flores et al., 2003; Hernandez and Edyvean, 2008; Maszenan
et al., 2011; van Rijn et al., 1995), thus 21 days were not suﬃciently
long enough to achieve a higher COD and TS degradation. On the basis
of degradation rate measurements, van Rijn et al. (van Rijn et al., 1995)
predicted that it would take 400 days with constant daily input to reach
the asymptotic maximum of sludge accumulation in an anaerobic re-
actor. This would correspond to a state where almost total TS reduction
is achieved. Estimates provided in Van Rijn et al. are in accordance with
the ﬁndings of Mirzoyan and Gross (2013) (Mirzoyan and Gross, 2013).
Hence, our results are promising and consistent with the results from
several prior studies, thus supporting the potential feasibility of treating
sludge anaerobically, notably with UASB technology, in order to reduce
total organic matter and mobilise nutrients in suitable forms for the
hydroponic unit.
Another interesting result is the high mineralization performances
of P, K, Ca, and Mg observed in the WUR UASB II reactor that turned
acidic at the end of trial 1. This is likely related to the pH drop under
6.5 observed in this particular reactor. Previous studies have already
Fig. 5. Organic sludge reduction performances (A) and mineralization performances (B) including the low pH reactor (UASB II). Data from reactors of same type and
pH range (6.5–7.0) were pooled. With respect to the applied ANOVA analysis.
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demonstrated that a decrease in pH promotes macro and microelements
solubilization in ﬁsh sludge (Conroy and Couturier, 2010; Jung and
Lovitt, 2011). Our results are consistent with prior work by Conroy and
Couturier (2010) (Conroy and Couturier, 2010), who observed an in-
crease in P, K, Ca, and Mg solubilization during anaerobic digestion of
smolt sludge, wherein the pH dropped from 7.8 to 5.5 and represents a
simple shift in the dissolution equilibrium. These authors showed that
the eﬀect of pH on the P and Ca solubilization is well described by an
equilibrium model based on the solubility of Ca orthophosphates. As pH
drops below 6.5, these phosphates start to dissolve in water (Snoeyink
and Jenkins, 1980), and it can be assumed that the increase in K and Mg
solubilization is also due to the same principle. In general, pure calcium
orthophosphates are never found in biological systems and a portion of
the Ca ions in the crystal lattice are normally replaced by smaller ca-
tions such as Mg and K (Dorozhkin and Epple, 2002). However, other
equilibrium models need to be established in order to describe more
accurately the solubilization of these elements.
Regarding microelements, very low mineralization (i.e. < 1.7%)
was observed in all reactors, even in the acidic UASB reactor. Yet, Jung
and Lovitt (2011) (Jung and Lovitt, 2011) observed a very high mi-
neralization of both macro and microelements and other heavy metals
from trout sludge by lowering the pH to 4. Their result indicates that
the recovery of nutrients in the present study still requires optimization.
In particular, Jung and Lovitt (2011) achieved Fe solubilization up to
92% within 7 days by inoculating sludge with glucose and lactic acid
bacteria. They observed that best heavy metal solubilization rates could
be achieved with organic acids, presumably due to their chelating ca-
pacity when complexed with metals (Jung and Lovitt, 2011). They also
reported that under pH 4 conditions, sludge reduction stops, which is
consistent with our observations in the WUR UASB II reactor. In ac-
cordance with their prior ﬁndings, our results also showed that the
anaerobic digestion process slowed when the pH dropped under 6.5.
This is conﬁrmed by literature reporting that a pH value below 6.0
inhibits methane-producing microorganisms (Carlos Augusto de Lemos
Chernicharo, 2007; Lier et al., 2008).
The results of the current study showed the best N mineralization
performance in the UASBs with a pH between 6.5 and 7 while almost no
N mineralization occurred under acidic conditions. As UASBs with a pH
between 6.5 and 7 achieve the best organic sludge reduction, it appears
that N mineralization performance is correlated with organic sludge
reduction performance. A possible explanation is that nitrogen is re-
leased mainly in the form of ammonium during the breakdown of
proteins that occur only when the anaerobic sludge digester is working
correctly. With regard to nitrogen mass balances in the aerobic reactors,
our data show that nitrogen was lost during the experiment, suggesting
that microbial processes led to denitriﬁcation and/or N2O emission (Li
and Wu, 2014).
Our results therefore suggest that the best mineralization of N is
achieved in UASB reactors when sludge reduction is high while the
other macro- and micronutrients would be eﬃciently mineralized only
in acidic condition. Unfortunately, when acidic conditions occur, sludge
reduction stops, methanogenesis ceases, and thus the production of
methane ends abruptly. This indicates that eﬃcient recovery of all
macro and microelements while producing methane is not possible in a
single UASB. The trade-oﬀs between nutrient recovery and sludge re-
duction performance demonstrates that such processes should be car-
ried out in separate reactors. Indeed, sludge digestion is likely best
achieved in two stages, wherein the ﬁrst stage would involve sludge
reduction promoting methanogenesis, followed by a second acidic stage
where the nutrients contained in the eﬄuent from the ﬁrst reactor are
mobilized by solubilization. In such a model, P, Ca and Mg accumulates
inside the ﬁrst stage reactor, potentially due to the high pH (i.e.
7.5–8.5) that induces precipitation of these elements in the form of
calcium orthophosphate and possibly other minerals (Snoeyink and
Jenkins, 1980), or may be due to microbial uptake (Mehta et al., 2014).
This two- stage mode will increase the complexity and initial cost of
sludge treatment. Nevertheless, its performance should be tested and
compared to existing techniques for sludge reduction and nutrient re-
covery in order to assess the most adaptable option for aquaponics.
Concentrations of mineral elements in eﬄuents were consistent
with the analysis of the reactors’mineralization performance. Logically,
higher concentrations in all ULiege eﬄuents reﬂect higher concentra-
tions of dissolved elements were found in the sludge. When compared
to those found in hydroponic solutions (Resh, 2012), the concentrations
of S, Mg, Ca and P were close to HP target concentrations. However,
microelement concentrations were low and far below standard hydro-
ponic recommendations presumably on account of the very low mi-
neralization rates. The high concentrations of TAN and the absence of
Fig. 6. Organics, macro- and micronutrients. (A) TS and COD in the (high and low pH) UASB reactors, EGSB reactor, anaerobic, and aerobic eﬄuents. In this case, the
values for each reactor type were pooled together; (B) the average macroelement concentrations in UASB reactor eﬄuents for WUR and ULiege compared to
concentrations used in hydroponic solution for hydroponic lettuce (Resh, 2012); and (C) average microelements concentrations.
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nitrate in all anaerobic eﬄuents may be limiting for plant growth.
However, as the eﬄuent would be diluted with RAS-water in decoupled
aquaponic systems, this should not be an issue. Furthermore, constant
ammonia in hydroponics process water has actually been shown to
enhance plant growth (Jones, 2005). There is also evidence that ﬁsh
sludge does not contain enough K to reach the concentrations required
in hydroponic solutions, but it is notable that total mineralization of K
was achieved within our systems.
A question that remains is the suitability of reactor eﬄuents for
subsequent use on plants in an aquaponics system. While sludge re-
duction and mineralization in the EGSB reactors was not observed,
UASB eﬄuent measurements of COD did not demonstrate suﬃcient
reduction to allow for safe use as a hydroponic solution. Although VFAs
have been reported to be phytotoxic (Pang et al., 2007) and their re-
moval was successful, EGSB reactors may not be the best post-treatment
solution for sludge digestion in aquaponics. Another post-treatment
might be necessary prior to plant delivery, as previous studies have
reported that organic compounds in commercially available bio-hy-
droponic solutions generally have phytotoxic eﬀects that lead to poor
plant growth (Garland et al., 1997; Lee et al., 2006; Shinohara et al.,
2011). As such, COD concentrations in eﬄuent should be reduced for
proper use in the hydroponics unit. An aerobic post-treatment of the
anaerobic eﬄuent would potentially be a better solution to reduce their
potential phytotoxicity (Mackowiak et al., 1996; Shinohara et al.,
2011). As shown in our results, such aerobic treatment would ade-
quately remove VFAs, and if nitriﬁcation were promoted, it would also
reduce TAN, increase the nitrate concentrations and presumably reduce
or remove COD, while also eliminating other phytotoxic anaerobic
secondary metabolites (Garland et al., 1997). It is however important to
do further research in order to examine the desired dilution rate of the
eﬄuent in an aquaponics system, and the ability of the plants to directly
assimilate the eﬄuents.
With respect to the present statistical analysis, the ﬁxed term var-
iance ratios per measured variable are often quite below 1 but not
structurally. This indicates that the number of experimental units are
too low to give proper residual strata. This is a good reason to expand
on the replication in future experimental setups.
5. Conclusion
The present study aimed to assess the performance of UASB-EGSB
reactor systems for their organic sludge reduction and macro/micro-
element mineralization capabilities, and subsequently determine the
suitability of eﬄuents from these reactors as a nutrient complement for
commercial hydroponics. Our results show that aerobic and UASB re-
actors were superior for organic sludge reduction in the short time
periods of our study (21 days), although prior studies have shown the
superior performance of such reactors occur over a much longer time
periods. Our ﬁndings clearly indicate that acidic conditions enhance the
mineralization performance of P, K, Ca and Mg even though these
conditions inhibit the reduction of organic matter. In addition, N is
better mineralised after primary organic matter degradation occurs.
These results suggest that further research on a two-stage setup is ne-
cessary to determine long-term potential performance and identify the
best post-treatment solutions to support plant growth in treated ef-
ﬂuents.
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